IWNSAFacts 


An Educational Publication 
of the 


ORIGINAL PAGP 

jBLACK AND WHITE PriOTOG'’AFH 


SeAd*'“"fT""'' A^'o^autiL a w ^ 

Space Administration A.t n, • i, i -i , , ^ -tdce 

AaflixiiiatiutioJi) 1^ p iiv. AOl CSCL xlE 

NF-93/8-81 


Ndz-252i 1 


duciaxi 

rll/07 2ZJ6Z 

-'T'— vV*' 


Propulsion/ACEE 


Ten billion gallons of aviation fuel are burned each 
year by the commercial airlines in the United States. 
Improving the <• nergy efficiency of contemporary and 
'uture jet enr nes by only five percent would result in 
saving five h idred million gallons of fuel each year. 

The simple facts of these huge numbers are the under- 
1 ^ mg premise of the propulsion studies in the Aircraft 
energy Efficiency (ACEE) program managed by the 
National Aeronautics and Sp=>ce Administration. 

The basic goal of the ACEE program is to learn how 
to use fuel energy more efficiently for propulsion. That, 
in turn, will reduce the factor of energy costs in air 
transport operations, military flight operations, and in 


the broad and rapidly growing field of general aviation. 

ACEE IS a ten-year planned program that was first 
developed as a response to a request from the United 
States Senate Committee on Aeronautical and Space 
Sciences. It looks simulaneously at both near- and far- 
term problems. It attempts tc develop expedient solu- 
tions that can be applied to contemporary transport 
aircraft, to their derivatives expected in a few years, and 
to wholly new classes of transports designed specifi- 
cally to be fuel-efficient. 

The workload of the ACEE program is divided among 
several NASA research centers. NASA’s Langley Re- 
larch Center, Hampton, Virginia, is responible for tech- 
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Energy-Efficient Engine program consisted of identifying those components of contemporary powerplants 
f H ® improvement, based on current and proiected states of the art Here a number of them have been 

mdicated on a singl^ross-section of a typical turbofan engine Some are aerodynamic, sw.. as a high-pressure-ratio compreolor, 
show Structural, such as the high temperature materials suggested for ilie turbine section The point is to 

show that each of these improvements, while of itself producing only a small percentage gam in pedormance. combines in a 
synergistic way to drive a major improvement of the complete engine 
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nology studies in aerodynamics, and in materials and 
structures. The wind-tunnel testing is shared by Lang- 
ley and the Ames Research Center, Moffet Field, Cali- 
fornia. Flight experiments are conducted by the Dryden 
Flight Research Center, Edwards, California. Propulsion 
research— the subject of this publication— is done by 
the scientists and engineers at the Lewis Research 
Center, Cleveland, Ohio. 

NASA is joined by other organizations in this work. 
The airlines, the ultimate users of the technology, have 
furnished valuable input with contracted studies of their 
real-world operations as applied to the concepts of 
energy-efficient aircraft. Airframe and engine manufac- 
turers, possessing their own research facilities as well 
as full-scale engines and aircraft to test, also are a part 
oftheACEEteam. 

Overall, the broad purpose of the program is to pro- 
vide an inventory of technology that can be used by the 
major manufacturers of transport aircraft and engines in 
the United States. It will help them develop near-term 
derivative airliners that extend their current product 
lines, to develop families of new designs for the near 
term, and perhaps to develop radically different aircraft 
for the far term. 

It's important to note that NASA had been studying 
the problems of energy-efficient aircraft some years 
before the fuel crisis focussed such critical attention on 
them. NASA's Advanced Transport Technology pro- 
gram, begun in the early 1970s. had as one goal the 
determination of the effect of a number of different new 
technologies on fuel consumption. Many of the same 
technologies under study then— such as quiet propul- 


sion systems— became foundation stones of the current 
ACEE program. 

Three of its six components relate to propulsion: En 
gine Component Improvement (ECl): Energy Efficient 
Engine (EEE); and Advanced Turboprops (ATP). 


Engine Component improvement 

Four commerical jet engine models pow er almost all 
of the U.S. jet transports and burn almost all of that ten 
billion gallons of fuel per year. One of those engines is 
at the end of its production road; no future aircraft de- 
signs are being planned around it. But the other three 
are still in active development and use, and give every 
indication of being on the air transport scene for at least 
another decade or so. By concentrating on component 
improvements for those three, NASA hopes to show the 
way to major fuel savings in the decade of the 1980s. 

Now. new components designed with the aid of the 
technology developed in the ECl program are being 
introduced in production For the future, a better under- 
standing of design tehnology could produce engines 
that will have a minimum of performance fall-off with 
time, currently the enemy of jet engine thrust and fuel 
consumption. 

Part of the ECl program is a continuing careful study 
of engine diagnostics. As an engine runs in everyday 
use. it is subjected to wear and to small damages. Sand, 
dust or tiny stones cause nicks in the fan blades. The 
tips of the compressor blades wear down. The combus- 
tors, operating with a high-efficiency fire inside their 




Conventional Compressor 


Figure 2: The advantage of advanced compressor design 
technology is that it enables the engine to do more work with 
less fuel. Here a three-stage compressor of advanced design 
IS shown to compare its layout to that of a conventional com- 
pressor of SIX stages Advantages of the advanced design 
compressor stem from its improved blade design, which is 
aerodynamically more efficient It therefore produces its de- 
sired compression ratio with fewer blades, which in turn means 
a lighter and less expensive item to produce This design 
showed a further ai^ 'antage The ability to retain its perform- 
ance nearer the design peak even after successive serv ice 
and overhauls 


Low Aspect Ratio Compressor 


ORIGINAL PAGE 

BLACK AND WHITE PHOTOGRAPH 




2 



%%%««« 




% % • 

• • 


fai- 






|V 


■'% f.:^. 


/‘ 




/ 

/ 






PHOrOGWpu 


r, 



'I 

a 

i 



oaseTcomaTned and diluted 

bine blades, whirlina m develop leaks. The tur- 
*«Harge of the combiS'ST 

•»"' ol passing lime Ihe fuw'“" ‘*®<^'®ases With each 

totg the same 

restore only a part of thJioct Lw ^be engine 

'inters aatvste vi?ra "« «’9ine 

Mnsumption than it had when n21^ c^^ ^ higher fuel 
^peats, the engine gets a lirtio ^8cb time the cycle 

goal Of the diaLoiLc ® Performance 

by NASA With aSnc^ <^onducS 

ers and the airlines, is to reduce »h rnanufactur- 
severalwrcentagef^Stf"^®^ 

«« »Kal are CS ofttS^ '» 

3nce those factors are deteriora- 

oation can h*> riori. ^ ,Pb''erecl. then desinn 


a^S,rj2“’?!“»'''»-g,nes, Opeta. 
data from PowerSmt CS 

^°*'b'down and insoectei^TK^ Qround-and flight- 

“;J™i^ahdtOduah,iV,t«"i?ao^^^^^ 

The results indinnto ♦hr.. ;. 


lapsed by those is 

•ncreasingly respons We as mf n becoming 
•ncreases, ° ‘be number of flight cycle 

early cyctesfthSls^b^iS^^ during the 

clearances around them in^ '^®ar and the 
hundred bou^XSoST ‘ew 

Sme^®'#®^^* percent By s'^^h^^^'^bbPP 'o- 
Jme, not much more than ir running 

jypical airline operation rho r PP^bs service life in a 
‘bree percent. burning rate is up about 

If the enntrii^ i«. 


D, O^’G.'NAL PArr 

and white phoVo, 


graph 



Figure 5: For their designs of Energy-Efficient Engines (EEE) as part of NASA s ACEE program, both contractors designed complete 
paper engines incorporating the latest technologies Both suggested a major increase in the bypass ratio, to levels between 6 5 
and 7 0 Both suggested that overall pressure ratios be higher And both went for increased turbine operating temperatures, near the 
limits available with current technology This cutawc^, shows the engine designed by Pratt & Whitney Aircraft for the EEE portion of 
the ACEE program 




Concepts from Industry 

When the performance improvement phase of the 
ECl program began, the two manufacturers of jet trans- 
port engines were asked to submit lists of candidate 
concepts for component modification General Electric 
submitted 60, and Pratt & Whitney suggested a list of 
70 

They were evaluated by a team that included repre- 
sentatives from the engine companies, as well as from 
airframe and airline companies and NASA Initial screen- 
ing reduced the list to 16 items that were considered 
of overriding importance and potentially significant for 
further development 

They were in five general areas Component aerody- 
namics; seals in the airflow path, control of blade tip 
clearances; materials and coatings for the turbines; and 
the aerodynamics of the exhau'^t nozzle and the nacelle. 

A let engine behaves somewhat like a pump, it takes 
in air at the front and pumps it out the back, moving it 
faster through the exhaust than through the inlet The 
extra energy comes, of course, from burning fuel in the 
air A pump that leaks is, obviously, inefficient; a let 
engine that leaks its high-pressure heated air also is 
inefficient The task of the designers of improved com- 
ponents includes stopping a lot of leaks 

They exist in seals that are intended to keep hot 
high-pressure gases from finding their way out of the 
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main flow path and into the engine housing. They exist 
between the tips of the rotating fan compressor and 
turbine blades, allowing air to lear past without being 
properly handled by the rotating part. 

Consequently, both seals and tip clearances receive 
major attention in the ECl program, for each of the en- 
gines under study. 

Improved aerodynamic design of compressor and tur- 
bine blades can increase engine efficiency, By using 
new materials or ceramic coatings, erosion and corro- 
sion of the blades can be reduced A better cooling 
system fot the turbine, and coated blades, can reduce 
the amount of air needed to cool the hot section ano 
further improve efficiency 

The planned evolution of this program, which started 
with the screening process, has led to a series of tests 
made in appropriate model form in component rig re- 
search Following the completion of that phase of the 
ECl work, many of the major improvements will be built 
and tested, full-scale, on an instrumented engine run- 
ning in a test bay 

The ECl program had produced major successes by 
early 1980 Seven of the concepts had completed devel- 
opment. and four of them were in production in response 
to airline orders Some of the concepts will be applied 
to engines sold to power the new Boeing 767 and the 
McDonnel Douglas DC-9 Senes 80 aircraft The total 
estimated fuel savings to be realized by the ECl pro- 
gram is $9 billion during the next 25 years 
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Figure 6: Electronic beam welding was used to fasten the 
halves of the split front vane casing for the high-pressure 
compressor of Pratt & Whitney s proposed Energy-Efficient 
Engine 



Figure 7: The separated components of the high-pressure 
compressor casing of the Pratt & Whitney Energy-Efficient 
Engine design are shown here before electron-beam welding 


As in so many NASA programs, the goal of the En- 
ergy Efficient Engine (EEE) program is to provide a 
technology base, first by proving a concept and then 
by testing and evaluating it under controlled conditions 


The concept is an engine vyith higher thermodynamic 
and propulsive efficiencies, which is environmentally 
acceptable, and which has a 12 percent reduction in 
specific fuel consumption, a five percent reduction in 
direct operahng costs, and a bO percent improvement m 
performance retention These improvements, of course, 
are compared to baseline data on contemporary high 
bypass ratio turbofan engines 
A turbofan engine uses an extra set of rotating blades, 
placed out ahead of the working core of the engine like 
a small propeller. The fan— that extra set of blades— is 
driven directly by power from the turbine. The fan pro- 
pels a stream of air that goes through the core and 
around the outside of the engine, bypassing the core. 
The bypass ratio is the ratio of the amount of that 
bypass air to the amount that goes through the core. 
When that ratio is around four or five, the engine is 
called a high bypass ratio engine 
They are basically very efficient engines, compared 
to the first and second generation of jet and fan en- 
gines that were developed in the 1950s and 1960s They 
power the new generation of wide-bodied jet transports 
and they have a potential for further development. 

NASA contracted with General Electric and Pratt & 
Whitney to define an advanced high bypass ratio (HBR) 
engine around which the NASA component develop- 
ment program could be planned. Both companies de- 
veloped their own concepts, similar in general but dif- 
ferent in some important details Both suggested a major 
jump in bypass ratios, to levels between 6 5 and 7 0, 
Both suggested higher overall pressure ratios Both 
suggested turbine operating temperatures at the upper 
limit of today s top operating range 
The two contractors selected the optimum size, thrust 
level, the operating thermodynamic cycle, and the basic 
geometry of the engines. Then, given these two differ- 
ent engine concepts, NASA planned the component 
development work 

It was clear that contemporary technology was ruled 
out from the start, it is not capable of producing the 
improvements needed to make these new concepts a 
reality Consequently, completely new components 
were required from front to rear of the engine Fan. 
compressor, combustor, high-pressure turbine, low- 
pressure turbine, and mixer Each of these, plus the 
nacelle suggested as the optimum way to house the 
engine, became subjects of the EEE investigations 
The timetable calls for component testing to be com- 
pleted during the early 1980s Before then, some of 
the results will be fed into the design of a core engine, 
combining the compressor, combustor, and high-pres- 
sure turbine That core could undergo testing sometime 
during the early 1980s, and be ready to provide the 
technology base any lime after that 
The approach is the standard building-block technique 
used by engine manufacturers in their development of 
military and commercial powerplants. They typically 
start with a single new component, and refine it. and 
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Figure 8: This test rig, a sector of tl k.> proposed combustor of P&W s EEE design, shows the carburetor tubes used as mam zone fuel 
iniectors 



Figure 9: For their designs of Energy-Efficient Engines (EEE) as part of NASA s ACEE program, both contractors planned 
complete paper engines incorporating the latest technologies Both propo<sed a maior increase in the bypass ratio, to levels 
between 6 5 and 7 0 Both suggested that overall pressure ratios be higher than contemporary values And both designed foi 
increase turbine operating temperatures, near the limits available with current technology This cutaway shows the engine designed 
by Pratt & Whitney Aircraft for the EEE portion of the ACEE progi am 
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then use it as the basis for design of a new or improved 
engine. Later, another component might follow the 
same road before being incorporated in a new 
production engine. 

Once the core has been built and tested in full-scale, 
it will be augmented by the addition of the fan, the low- 
pressure turbine section, and the exhaust nozzle, to 
complete the engine. 

Much of the technology incorporated in the energy- 
efficient engine designs is directly related to results 
from other NASA-supported activities. One typical ex- 
ample is the high-pressure compressor design, which 
evolved from the high-performance, high-speed unit de- 
fined during earlier advanced compressor design stud- 
ies. It IS a compressor that uses only ten stages of 
blades with a stubbier shape than usual. These low- 
aspect-ratio blades improve the compressor's work per 
stage, aerodynamic performance, and resistance to 
foreign object damage and erosion. As a bonus to re- 
duce manufacturing and overhaul costs, the compres- 
sor has as many as 40 percent fewer parts than the 
equivalent conventional compressor that it replaced. 

The new design showed efficiencies of better than 90 
percent per stage, which is higher than current engines 
achieve. Further, it maintained that level of performance 
for a longer time, thus reducing the amount of engine 
performance degradation with time and or -rating 
cycles. 

In addition to the advanced compressor design, work 
has been done on an advanced fan design, with lighter 
and stronger blades than those of current engines They 
will improve the overall aerodynamic performance of 
the fan. and will reduce fan weight because they will i .ot 
require blade vibration dampers. 

An added component will mix the cooler bypass air 
with the hot core flow to increase engine propulsive 
efficiency and reduce noise The mixer may be like the 
daisy type tested at the Lewis Research Center 

Before the ACEE program began, NASA had done 
much work on combustor design, seeking to reduce 
the level of emissions in order to meet the requirements 
of the U S Environmental Protection Agency The work 
was done under the Experimental Clean Combustor 
program, and is applicable to the advanced engine de- 
sign. 

By late 1979, all the experimental test hardware had 
been taken through the preliminary design stage, and 
some of the small-scale experiments on pieces of com- 
ponents had begun. Some full-scale component evalu- 
ations had started in 1980, and the plans called for 
•'eaching the goal of a core demonstration in 1983 


Advanced Turboprops 

It may seem like a retrograde step to be considering 
propeller-driven aircraft this late in the century, with 
more than two decades of commercial jet transport serv- 
ice behind us But there are very good reasons to do so. 
and they have to do with fuel economy. 

It IS simply more efficient to move an airplane through 
the air with a propeller than it is to thrust it a'ong by 
turbofan engine It is much more efficient than to move 



Figure 10: This detail of the P&W EEE combustor rig before 
assembly shows the mam zone and pilot zone fuel iniectors 



Figure 1 1 ; The complete combvistor sector ng for the P&W 
Energy-Efficient Engine is shown here assembled and ready 
for installation on the test stand 


It with a straight jet engine There are those proponents 
of propellers who will say that the reason for the rela- 
tive efficiency of the turbofan engine is really because it 
is basically a turboprop engine with a shrouded, small- 
diameter high-speed propeller 
The arguments in the past have centered on speed as 
the reason for replacing the propeller with a jet propul- 
sion system Propeller efficiency is higher, but it peaks 
at a speed lower l. lan the speeds at which jet or tut bo- 
fan engines peak The increased efficiency of the pro- 
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Figure 12, The turbine design for P&W s Energy-Efficient Engine was tested m a single-stage form Results showed the uncooted 
aeroaynamic eff'Ciency of the high-pressure turbine to he 91 1 percent 




peMercan be translated into fuel savings 
An advanced turboprop propulsion system -an ad- 
vanced propeller driven by a modern gas turbine 
through gearing -offers the possibility of saving as 
much as 20 percent of tne fuel burned under equivalent 


conditions by an advanced technology turbofan engine 
NASA s advanced turboprop program follows a three- 
stage schedule The first is a technology program that 
will develop a data base, using small-scale propeller 
models to establish the proof of concept The second 
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Figure 13: NASA contracted for studies of advanced high- bypass-ratio turbofan engines to define a completed unit around which a 
component development program could be organized Both General Electric Co and Pratt & Whitney Aircraft Group developed 
individual concepts to the level of paper engines, similar in general layout but differing in detail. This cutaway drawing shows the 
integrated core low spool configuration developed by General Electric 
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Figure 14: The forward rotor assembly of the high-pressure 
compressor in GE s Energy-Efficient Engine is shown here 
in a dynamic balancing machine 


phase deals with the validation of the structural dynam- 
ics of large-scale advanced propellers The third phase 
plans for the construction of a full-scale experimental 
propeller and its flight testing on an existing turboshaft 
engine 

It would be most helpful ii such an advanced design 
would show no speed penalty in comparison to flight 


powered by pure jet propulsion. As it now appears, 
there will be little, if any, such penalty. NASA has dem- 
onstrated, in model form, high propulsive efficiencies 
under conditions that correspond to the cruise speeds 
and altitudes of today s jet transports. 

Note, though, that the modern concept of a proper 
turboprop engine does not drive a conventional propel- 
ler The new propellers are multi-bladed, the blades 
are shaped like scimitars, with thjn airfoil sections and 
sweptback tips The odd-appearing design is necessary 
to develop the efficiency, power loading, and noise 
levels necessary to match jet aircraft performance. 

Propeller efficiencies on the order of 80 percent are 
demanded by the high-speed cruise conditions that are 
foreseen for the advanced turboprop engine. These val- 
ues are within reach. Hamilton Standard conducted 
some tests under contract to NASA, using an eight- 
bladed prope.ier with the scimitar blades. The prop 
was run at a simulated flight speed of Mach 0 8. and an 
altitude of 35,000 feet It developed an efficiency of 
just over 78 percent, within two percent of the program 
goal 

But regardless of efficiency, the advanced turboprop 
engine will not be accepted unless its noise can be 
reduced over that of the earlier generation A major 
portion of the NASA studies on the ATP is concerned 
with the measurement and analysis of propeller acous- 
tic properties, and of ways to reduce propeller-gener- 
ated noise. 

NASA has a long history in acoustic studies, and is in 
a strong position to improve the advanced turboprop 
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Figurv 15:The annular combustor, suspended from a sling as it is being installed in the component test ng, indicates the compact 
size of the unit, part of the Energy-Efficient Engine designed by General Electric under NASA contract 


in that regard. Then, having reduced propeller-gener- 
ated noise to an acceptable level, NASA can study 
methods to improve cabin soundproofing, to make the 
internal perceived sound levels lower. Innovative struc- 
tural design, and lightweight acoustic insulation are 
two approaches being evaluated by NASA. 

Propeller noise also will be evaluated in model tests, 
using a scaled-down propeller mounted on a pylon 
above the fuselage of NASA s Lockheed JetStar light 
transport These tests will study the problem in free air, 
under conditions approaching those of full-scale flight 
operations. It also will provide some input data for the 
further evaluation of fuselage sound-proofing 
techniques 

Mounting a turboprop engine in the conventional 
manner in a wing nacelle will create interference drag 
between the wing and the nacelle, exag jcrateo by the 


accelerated flow of the propeller slipstream There is 
no previous experience that is applicable; earlier wing- 
r^elle interference studies were done with conven- 
tional airfoils rather than the supercritical one that un- 
doubtedly would be used in any future turl'oprop trans- 
port. Wind-tunnel tests at the Anes Research Center 
have provided some basic force and pressure distribu- 
tion data over a supercritical wing in the presence of a 
simulated slipstream from an advanced turboprop 
Those studies point the way toward minimizing the inter- 
ference drag increments A more accurate estimate of 
the interference between the propulsion system and 
the airframe, including the effects on actual propeller 
performance, will be made using a powered propeller 
model 

There also is no previous experience available with 
which to design the structure of the new multi-bladed 
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Figure 16: The test ng for the forward section of the high- 
pressure compressor is assembled prior to testing by General 
Electric The compressor is one component of the Energy- 
Efficient Engine 



Figure 17; The first and second stage low-pressure turbine 
rotor assembly for General Electric s Energy-EHicient Engine 


propellers, so NASA is using its computerized struc- 
tural analysis technique— a powerful design aid-to de- 
fine the structural characteristics of these unusual pro- 
peller geometries. 

Is there a turboprop aircraft in the future'^ All the early 
evaluation of the concept proved to be encouraging. 
First tests showed that the necessary propeller efficien- 
cies could be attained, and that the aerodynamic per- 
formance of the propeller seemed to show no insuper- 
able probleMs. The preliminary data on noise showed a 



Figure 1 8: A scale model of a proposed mixer design is 
mounted for noise tests in General Electric s anechoic cham- 
ber The mixer is a feature of GE s design for an Energy- 
Efficient Engine 


major reduction for the most recent advanced propel- 
ler model, compared to models tested earlier in the pro- 
gram. 

Ultimately, then, the most fuel-efficient -ircraft may 
be what at first appears to be a backward step. But its 
looks will be deceiving. The new transport will combine 
a supercritical wing with an advanced turboprop pro- 
pulsion system, and will incorporate new structural de- 
sign in the fuselage. The result could be a quiet, efficient 
airplane showing a major reduction in fuel consumption 
at little or no decrease in the performance to which we 
have become quite accustomed. 
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